(walking or vacuuming near the sampling site) on air sampling were also examined. Air samples were taken under undisturbed conditions and after human activity in the room. Human activity resulted in retrieval of significantly higher concentrations of airborne spores. Surface sampling of the carpet revealed moderate to heavy contamination despite relatively low airborne counts. Therefore, in certain situations, air sampling without concomitant surface sampling may not adequately reflect the level of microbial contamination in indoor environments.
Human exposure to airborne microorganisms may result in a variety of adverse health effects, including infectious diseases (4, 21) , allergic and irritant responses (3, 11, 13) , respiratory problems (9, 11, 15, 21, 30) , and hypersensitivity reactions (12, 20, 29) . Airborne microorganisms have been identified and enumerated by using a variety of aerobiological sampling methods (17, 19, 24, 28, 29) , yet the impact of airborne microorganisms on indoor air quality and human health remains poorly understood. This is due in part to difficulties with aerobiological sampling methodology and the interpretation of experimental data. Although several methods for monitoring airborne microorganisms are commercially available (10, 26, 27) , there is a lack of information concerning the comparability of these methods. The American Conference of Governmental Industrial Hygienists has outlined several sampling methodologies for indoor monitoring but has not reported the comparability of data derived from the various methods (1) . Confusion and criticism of sampling methods arise during interpretation of field data as accuracy determinations are rarely made during aerobiological sampling surveys (6) and the sampling method used may not be appropriate for the survey being conducted (8) . Difficulties also arise with the interpretation of data because of numerous variables present in indoor environments, such as the activity of building occupants near the air sampling site. Although foot traffic has been shown to affect airborne concentrations of microorganisms during sampling (14) , the extent of human activity on sampling has not been fully investigated.
As a step toward the development of standardized sampling protocols and to provide information concerning the * Corresponding author.
impact of airborne microorganisms on indoor air quality, research was conducted in an experimental room designed as a microcosm of a residential indoor environment. The objectives of this work were to determine the relative efficiencies of selected aerobiological sampling methods and the effect of human activity on retrieval of airborne microorganisms. In these experiments, fungal spores of Penicillium chrysogenum (spherical spores with a known size range) were aerosolized, their concentrations were monitored by using a laser-based aerodynamic particle sizer (APS), and the results were compared with data from total count and culture-based sampling methods.
MATERIALS AND METHODS
Experimental room. An experimental room (4 m long by 4 m wide by 2.2 m high) was designed to resemble a residential indoor environment. The interior of the room was fitted with a hardwood floor, and the sheetrocked walls and ceiling were coated with interior latex paint. The room was equipped with a heating, ventilation, and air conditioning system that was sized to simulate a residential system and had rectangular ductwork (13 by 20 cm). The room was designed as a closed system with two registers (10 by 20 cm) (Fig. 1, Si and S2 ), which were located at a height of 1.8 m off the floor arid were 1.8 m apart; these registers supplied HEPA-filtered (99.97% efficiency) air, and there was one return vent (25 by 30 cm) (R), Fig. 1 outside the room. An anteroom equipped with a HEPAfiltered air shower was attached to the room entrance to reduce mixing of air resulting from entering and exiting during experiments. The temperature was monitored by 20 type T thermocouples (Thermo Electric Co., Saddle Brook, N.J.), and the relative humidity was monitored by five relative humidity probes (Hy-Cal Engineering, El Monte, Calif.) located within the room (Fig. 1) .
Target organism and culture media. Spores of the fungus P. chrysogenum were obtained from Harriet Burge, University of Michigan Medical Center. This organism is a common fungal isolate in indoor air samples and is not known to be a human pathogen or a producer of mycotoxins that affect humans. Spores were stored dry at 4°C until they were needed. P. chrysogenum was cultured on malt extract agar (MEA) (pH 4.5) (Difco Laboratories, Detroit, Mich.) and was incubated at 23°C for 72 h. The bacteria present in the experimental room were cultured by using tryptic soy agar (Difco) (pH 7.0) supplemented with 100 ,ug of cycloheximide per ml and incubated at 28°C for 5 days.
Aerobiological sampler evaluation. P. chrysogenum spores were introduced into the room via the air supply duct at supply register S, (Fig. 1 ) by using a Pitt 3 dry aerosol generator (25) A total of 12 trials were conducted to evaluate the results of the aerobiological sampling methods compared with the APS data. The depositional samplers were placed at positions that were 0.3, 1, and 1.5 m from the floor on each of five sampling stands that were located in the room; a total of 30 plates were used for each trial (Fig. 1, locations 1 through 5) . The APS was placed on a sampling cart near the center of the room at a height of ca. 1 m from the floor (Fig. 1, location A) . The Andersen, SAS, and Burkard samplers were positioned in line with the APS (Fig. 1, Oer in order in sequenceb
The order in which the samplers were operated was varied from trial to trial (see text). ' The depositional sampler locations were fixed (see Fig. 1 Air sampling with human activity. Trials were conducted to determine the effect of human activity on airborne spore retrieval by using wall-to-wall carpet as the source of fungal spore contamination. A nylon synthetic pile carpet was installed in the room, and the surfaces of the carpet, walls, and ceiling were tested to determine background levels of nontarget fungi and bacteria by using RODAC contact plates filled with MEA and tryptic soy agar (pH 7.0) containing 100 ,ug of cycloheximide per ml, respectively. P. chrysogenum spores were introduced into the room via the air supply duct as described above and settled onto the carpet. The average airborne spore concentration during spore loading was determined by the APS to be 104 spores per m3.
The aerobiological samplers were placed in the room by a scientist wearing a respirator and protective clothing. Fol 390 spores per m3. The background concentration of particles in the spore size class prior to spore release ranged from below the lower detection limit (71 particles per m ) to 143 particles per m3. During release of spores, the air flow rate through the room was 4.2 m3/min, the room temperature was 23.6 to 24.4°C, the relative humidity was 50 to 56%, and the room pressure was 0.5 mm of water. After air sampling was completed (the air-handling system was off), the temperature in the room was 24.9 to 26.3°C and the relative humidity ranged from 48 to 53%.
The results of the experiments to determine P. chrysogenum spore retrieval by the forced air flow sampling methods and the APS data for comparison are shown in Fig. 2 . The Andersen sampler retrieved a significantly higher number of viable P. chrysogenum spores than the SAS sampler, both before and after coincidence correction (P < 0.0001). The APS estimates of total spore concentration in the room were significantly higher than the total concentration retrieved by the Burkard sampler (P < 0.0001). The level of spore retrieval in the 12 trials in which the depositional samplers were used was 6.8 + 0.5 CFU per plate (mean + 1 standard error), or 1,117 + 85 CFU/m2 of collection surface area. The level of spore viability was 74.8 + 10.5% in these trials.
Levels of repeatability and sensitivity were estimated for the Andersen, SAS, and depositional sampling methods ( Table 3 . After positive-hole correction, the Andersen sampler was the only sampler type that showed a significant correlation with the APS.
There were no significant differences among the results obtained from different sampling locations for the Andersen (P = 0.822 uncorrected; P = 0.840 corrected), SAS (P = 0.617 uncorrected; P = 0.602 corrected), Burkard (P = 0.942), and depositional samplers (P = 0.267). For depositional sampling, there were also no differences among data obtained from the 0.3-, 1-, and 1.5-m sampling heights (P = 0.405) (data not shown). However, there were significant differences in the results obtained depending on the order in (Table 4) . Trials were then conducted in which air samples were taken under both undisturbed conditions and after a person walked in the room (Fig. 3A) . Low numbers of airborne spores were recorded at this level of carpet contamination, and walking did not result in a significant increase in spore concentration, as measured by the Andersen sampler (P = 0.14). However, the Burkard (P = 0.015) and SAS (P = 0.023) samplers detected significant increases in the numbers of airborne spores after walking. The depositional sampler data exhibited no significant increase in spore counts after walking (P = 0.20) (Table 5) .
Trials were then conducted with an increased loading of P.
chrysogenum spores (105 spores per m3), which resulted in carpet surface counts of .300 CFU per plate, or ca. 1 x 105 CFU/m2 (Table 4) . With this increased spore load in the carpet, disturbance by walking resulted in the retrieval of significantly higher (P < 0.05) concentrations of airborne spores than were obtained with the undisturbed conditions for all sampler types ( Fig. 3B and (Table 4) . Vacuuming the carpet resulted in a significant increase in the airborne spore concentration compared with the undisturbed conditions (P < 0.05) (Fig. 3C and Table 5 ) and had a greater effect on airborne spore concentration than walking at this level of surface contamination. The data obtained by using the RCS Plus sampler following disturbance in the room were comparable to the Andersen and SAS sampler data in these trials, as no significant difference was observed among the data from these sampling methods for any of the three experimental conditions (Fig. 3) . Depositional samplers demonstrated the same trend as the forced-air-flow samplers in these trials. In addition, no significant differences were observed among the depositional samplers placed at heights of 0.3, 1.0, and 1.3 m for all trials under both undisturbed and disturbed conditions (data not shown). No colonies of P. chrysogenum were obtained from surface samples taken from the ceiling, and wall counts were low compared with carpet counts under all of the conditions tested.
DISCUSSION
The Burkard and Andersen samplers were the most accurate samplers tested in these trials for retrieval of spores in the size range from 1.8 to 3.5 ,um at an airborne concentration of 103 spores per m3. However, because an estimated 25% of the spores were not viable and the Andersen and SAS samplers used in this project measure only viable spores, the fungal concentrations in the room as measured by the Andersen and SAS samplers were underestimated. When data from paired samplers of the same type were compared, the Andersen sampler had the highest levels of sensitivity and repeatability, followed by the SAS sampler. Depositional samplers had the lowest levels of repeatability and sensitivity. Under the controlled conditions in the experimental room, the level of repeatability was low overall for aerobiological samplers. The mean differences between data from paired samplers of the same type for the concentrations measured in these experiments (Table 2) show that the paired Andersen sampler values differed by approximately 7% on average after positive-hole correction. The paired values from the SAS and depositional samplers differed by averages of 25 and 37%, respectively. Lembke et al. (17) evaluated the precision of the Andersen six-stage sampler for retrieval of airborne bacteria in solid-waste handling facilities. Although the data in that study showed that there was a linear relationship between paired-sampler data for concentrations of 103 to 105 bacterial CFU per m3, there was a high degree of variability between paired samples. In addition, preliminary information from a recent study in our laboratory (unpublished data) indicated low levels of repeatability and sensitivity when fungal concentrations in homes were measured. Variables such as size class of microorganisms sampled and operation of the air-handling system also affected these parameters. The lower airborne fungal counts recorded when the Andersen samplers were operated last in the sequence may have been due to a combination of the decay of the bioaerosol over time and the sensitivity of the Andersen samplers for detecting changing conditions. The greater retrieval of fungi with one of the SAS samplers is unexplained. Therefore, a single air sample at a single location at a discrete point in time may have limited value when the concentration of viable airborne microorganisms is assessed with currently available samplers because of the lack of repeatability and sensitivity.
The The Andersen positive-hole correction and the SAS coincidence correction are estimates that are based on the probability of multiple impacts through the same sampling hole which result in enumeration of a single colony. The corrected data were more similar to the APS measurements in these trials, which resulted in a significant correlation between the Andersen sampler data and the APS data (Table  3) . However, correction of the data magnified the differences between paired samplers, which reduced the level of repeatability slightly and had a mixed effect on the level of sensitivity for the Andersen and SAS samplers ( Table 2) . For fungal spores in the size range and concentrations measured in this experiment, use of the corrections was advantageous in terms of concentration estimates, and there was a slightly negative effect on the level of repeatability. However, the magnitude of these corrections increases exponentially with increasing colony counts. Therefore, measurements of airborne fungal spores at higher concentrations in the experimental room will be necessary to determine the concentration range at which the correction may be usefully employed.
In these experiments, a large 487-hole SAS faceplate and 84-mm-diameter RODAC plates were used in place of the standard 219-hole faceplate and standard RODAC plate. This raised the upper quantitation limit, allowing a longer sampling time of 1 min. To our knowledge, the SAS sampler has not been evaluated previously for the retrieval of airborne fungi by using the large faceplate.
Depositional sampling relies on the settling of airborne microorganisms onto agar-filled petri dishes or sticky film. This is a low-cost alternative to forced-air-flow sampling methods, but microorganisms deposited on the sampling surface may not be representative of all viable cells and fungal spores in the air (7, 22, 23) . Sayer et al. (22, 23) compared the six-stage sampler with depositional settling for the retrieval of spores and reported that gravity settling plates do not compare favorably for quantitative studies of airborne fungi or bacteria in the hospital environment. These experiments in the room were conducted in a nearly optimum environment for depositional sampling. The bioaerosol was approximately uniform in size and high in concentration, the air-handling system was turned off, and the samplers were activated remotely without human activity. Yet, the levels of repeatability and sensitivity for the depositional sampler were the lowest values for all of the paired aerobiological samplers tested. In addition, the numbers of colonies per plate obtained from depositional sampling were low considering the relatively high bioaerosol concentrations generated in these experiments. For Human activity in and around the sampling site is common during indoor air investigations, and questions have been raised concerning the significance of these disturbances when concentrations of airborne microorganisms are measured. Previously, foot traffic was shown to increase the airborne concentrations of bacteria (14) . Our results with human activity on carpet contaminated with fungal spores support the results of this previous work. Airborne counts of the magnitude reported in the experimental room are generally considered within an acceptable range (1, 18) , yet both of the indoor environments tested contained moderate to heavy levels of contamination with fungi, as determined by surface samples. Only the trials with vacuuming, which created a considerable disturbance, produced airborne concentrations considered to be high. Therefore, when the source of indoor microorganisms is a carpet, the collection of air samples without concomitant surface sampling may not adequately reflect microbial contamination in indoor environments.
In this research project conducted with an experimental room, several sampling methods for indoor air monitoring of fungi were compared. For P. chrysogenum spores at an airborne concentration of 103 spores per m3, the Andersen six-stage and Burkard samplers were the most accurate samplers when the data were compared with the APS measurements. Of the paired samplers tested, the Andersen samplers demonstrated the highest levels of repeatability and sensitivity. Coincidence correction of Andersen and SAS sampler data improved concentration estimates, but resulted in a slight reduction in the level of repeatability. Human activity resulted in significant increases in airborne concentrations of spores and also demonstrated a potential limitation of air sampling for adequately assessing microbial contamination in indoor environments. In order to establish an indoor sampling protocol for the retrieval of microorganisms, further research needs to be conducted to evaluate aerobiological sampler efficiency with additional aerosol concentrations and particle size ranges. In addition, surface sampling methodologies should be tested to determine their effectiveness for detecting microbial contamination in the indoor environment. 
